Evolutionary theory predicts that the rate and level of adaptation will be enhanced in sexual relative to asexual genomes because sexual recombination facilitates the elimination of deleterious mutations and the fixation of beneficial ones by natural selection [1-3]. To date, the most compelling evidence for this prediction comes from experimental evolution studies [4] and from loci completely lacking recombination, such as those on Y chromosomes [5], which often show reduced adaptation and even degeneration. Here, by analyzing replacement and silent DNA polymorphism and divergence at 98 loci, I show that recombination increases the efficacy of protein adaptation throughout the genome of the fruit fly Drosophila melanogaster. Genes residing in genomic regions with reduced recombination rates suffer a greater load of segregating, mildly deleterious mutations and fix fewer beneficial mutations than genes residing in regions with higher recombination rates. These findings suggest that the capacity to respond to natural selection varies with recombination rate across the genome, consistent with theory on the evolutionary advantages of sex and recombination.
creased for deleterious mutations by selection at linked loci, whereas probabilities of fixation for neutral mutations are unaffected [1, [10] [11] [12] [13] . Recombination, by alleviating this evolutionary interference among linked loci, should increase N e and thereby enhance the efficacy of natural selection.
In most genomes, local rates of recombination per physical unit can vary substantially from region to region, implying that N e also varies from region to region, with N e being depressed by linked selection more in genomic regions with low recombination rates. This effect is best illustrated by the correlation seen between levels of neutral variability (a function of N e u, where u is the neutral mutation rate) and local recombination rate in a range of species (reviewed in [14] ). We therefore expect that selection at linked loci should also affect nonneutral variation: Loci in low-recombination regions should show lower rates and levels of adaptation than those in high-recombination regions [12, [15] [16] [17] [18] . To date, the best evidence for this prediction has come from experimental evolution systems in which adaptation is compared among recombination and nonrecombination treatments [4] and from molecular population genetic studies of loci experiencing extreme linkage, such as organellar loci [19] [20] [21] , Y chromosome loci [22, 23] , and loci from species with high rates of self-fertilization [24] .
Here, I use polymorphism and divergence data from 98 protein-coding loci to test whether the local recombination rate affects the rate and level of protein adaptation throughout the D. melanogaster genome. Because the estimates of recombination rate come from D. melanogaster, I focus on mutations either fixed or currently segregating in the D. melanogaster lineage. I use homologous sequences from two related species, D. simulans and D. yakuba, to polarize changes onto the branches of the known species phylogeny by parsimony (see Experimental Procedures). To infer the predominant form of selection, I use McDonald and Kreitman's [25] approach of contrasting polymorphism and divergence for amino-acid-altering replacement mutations with polymorphism and divergence at nonamino-acid-altering synonymous mutations, making the standard assumption that synonymous mutations are approximately neutral (as appears to be the case in the D. melanogaster lineage [26, 27] ). Under a null model of strong purifying selection in which all fixed and segregating replacement mutations are neutral, the ratio of replacement to synonymous fixations should be equal to the ratio of replacement to synonymous polymorphisms [25, 28] . The pattern will differ, however, when other forms of selection act on replacement mutations [25] . Under recurrent positive selection, for example, we expect an excess of replacement fixations as beneficial replacement mutations sweep through populations much faster than neutral ones, accumulating as fixed differences but contributing little to polymorphism. Under negative selection, we expect an excess of replacement polymorphisms because mildly deleterious replacement mutations can linger in pop-ulations, contributing to polymorphism, but have little chance of fixation and thus make little contribution to fixed differences. Such tests, based on contrasts between polymorphism and divergence data for two classes of mutation (e.g., replacement versus synonymous), can detect relatively weak selection [26] [36] . In the analyses below, I use the KH93 estimator [36] , but none of the findings depends on the particular estimator used. Genetic and population data for each of the 98 genes are provided in Table S1 in the Supplemental Data available with this article online.
Before proceeding to the test, we first confirm that local rates of recombination are indeed correlated with N e , as measured by the extent of neutral (i.e., silent = synonymous + noncoding) genetic variability. For each gene, I estimated from Watterson's q sil (= 4N e u under neutral equilibrium), a measure of nucleotide variability, the number of segregating silent sites in the sample [37] . As has previously been shown for other data sets [38, 39] , q sil is correlated with recombination rate in the D. melanogaster genome (Spearman r s = 0.654, p < 0.0001; all probabilities corrected for ties). This correlation is caused either by selection at linked sites (i.e., background selection and/or hitchhiking) or by mutagenic effects of recombination. In D. melanogaster, the latter explanation can be ruled out because, as previously shown [38, 40] , there is no correlation between the rates of neutral mutation (with silent divergence, K sil , between D. melanogaster and D. simulans as an index of u) and recombination (r s = −0.112, p = 0.271). Furthermore, the correlation between neutral polymorphism and recombination rate remains after correcting for interlocus variation in mutation rate by dividing polymorphism by divergence (Figure 1) . Interestingly, the correlation of recombination rate with q sil and with q sil /K sil also holds for autosomal loci sampled from African populations (q sil : r s = 0.585, p = 0.0006, n = 35. q sil / K sil : r s = 0.628, p = 0.0003, n = 34), a surprising result given that our knowledge of recombination rates in African populations may be obscured by numerous au- We now ask whether variation in recombination rate affects the efficacy of natural selection on nonneutral replacement mutations. If low-recombination regions suffer a reduced efficacy of selection, we expect that genes in these regions should have, on average, (1) fewer beneficial fixations and (2) more slightly deleterious polymorphisms than genes in higher recombination regions. Thus, we expect that the average Z should be lower in low-recombination regions than in high-recombination regions. (It is important to note, though, that we do not necessarily expect the relationship between recombination and Z to be perfectly linear-e.g, the fact that a gene resides in a high-recombination region does not necessarily mean that it has a history of positive selection; see [40] .) Consistent with these predictions, Figure 2 shows that mean Z differs significantly across recombination environments: Genes in lowrecombination environments have a negative mean Z (excess replacement polymorphisms), and those in medium-and high-recombination environments have a positive mean Z (excess replacement fixations; F 2,50 = 5.036, p = 0.010, n = 53). This effect is also seen in the significant positive correlation between Z and recombination rate (r = 0.459, p = 0.0005; Figure S1 ). Overall, the correlation between Z and recombination rate is robust, holding whether we use only African (r = 0.512, p = 0.006, n = 27) or only non-African samples (r = 0.363, p = 0.038, n = 33) and regardless of the particular statistic used to summarize polymorphism and divergence data (data not shown).
For 45 genes, the ratio statistic Z is undefined because FR, FS, PR, or PS = 0. To include these genes in the analysis, I added +1 to all four values (FR, FS, PR, and PS) for all genes and recalculated Z to yield a transformed statistic, Z*; this transformation is a stan- I studied the causes of these patterns by separately examining the effects of recombination on polymorphism and divergence. Figure 3A shows that the ratio of replacement to synonymous divergence, K a /K s , is highest in high-recombination regions, whereas the ratio of replacement to synonymous polymorphism, q a /q s , is highest in regions of low recombination. The elevated ratio of replacement to synonymous polymorphism in low-recombination regions suggests that the efficacy (Table 1) , with replacement polymorphisms segregating at significantly lower average frequencies (Mann-Whitney, p MW < 0.0001). These findings are consistent with the notion that replacement polymorphisms are, on average, mildly deleterious [35, 50, 51]. However, these differences in the overall frequency spectra of replacement versus silent mutations depend on recombination rate: There is no difference in low-recombination regions, a marginally significant difference in medium-recombination regions, and a highly significant difference in high-recombination regions (Table 1) . Similarly, the mean frequencies of replacement versus silent mutations are not different in low-recombination regions (Mann-Whitney p MW = 0.533, Tajima [35, 49] . Third, although we cannot formally distinguish whether recurrent positive or recurrent negative selection is the greater source of interference in protein evolution, the abundance of deleterious replacement mutations (Figure 2 ) and of transposable-element insertions in low-recombination regions [52] suggest that there is ample opportunity for negative (background) selection to cause interference [17, 53] . Conversely, the lower rate of adaptive evolution (Figures 2 and 3A) and the lack of a generally negative skew in the frequency distribution of silent mutations in low-recombination regions (Table 1 ; [54, 55] ) suggest that recurrent selective sweeps are not the major source of interference in low-recombination regions of the D. melanogaster genome. In closing, it is important to note that the 98 genes studied here represent a tiny fraction of the total in the D. melanogaster genome. It will be important to revisit these questions when polymorphism and divergence data become available for all genes from whole-genome resequencing efforts.
Experimental Procedures Data
Polymorphism and divergence data were compiled for 98 proteincoding loci located throughout the genome of Drosophila melanogaster (Table S1) To test the possibility that the correlations of recombination rate with Z and with Z* are influenced by the small-sample bias known to affect odds-ratio inference, I repeated the analysis with only those loci for which the total number of polymorphisms is R 5 and the total number of fixations is R 5, following [59] . Even with this restriction, the correlation between recombination rate and Z is unchanged (r = 0.451, n = 42, p = 0.0027), and the correlation between recombination rate with Z* is slightly improved (r = 0.479, n = 55, p = 0.0002). These analyses confirm that the correlations reported in the text are not spurious products of small-sample bias.
To compare the frequency spectra of different mutation classes, I pooled mutations from across loci. Mutation frequencies of all loci with n > 6 were then rescaled to conform to a common sample size of n = 6 (the smallest common sample size among the genes used in the analysis). Rescaling for loci with n > 6 was done by estimating the mutation frequencies from the full sample and then multiplying by six to yield the expected number of mutant alleles in a sample of size six. This procedure results in a loss of information because mutations at extreme frequencies (n << 1/6 and n >> 5/6) are not included in the sample of polymorphic mutations, and it is therefore conservative. Replacement and silent mutations are equally affected by this sampling strategy. Note, however, that analysis of mean frequencies without this rescaling yields the same conclusions as those in Table 1 
